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The most widespread models to study blindness, rats and mice, have retinas containing less than 3%
cones. The diurnal rodent Arvicanthis niloticus retina has around 35% cones. Using ERG recordings, we
studied retina function in this species. Several features differed from that reported in rats and mice:
(a) ﬁvefold larger photopic a-wave amplitudes; (b) photopic hill effect in Nile grass rats only; and (c)
ﬂicker amplitude plateau between 5 to 35 Hz with fusion beyond 60 Hz in Nile grass rats only. We con-
clude that A. niloticus might complement rats and mice for studying retinal function and pathologies
involving cones.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
Useful vision for most human activities is due in large part to
foveal cone photoreceptors. These sensory receptors, which
achieve high densities in the fovea, are responsible for high-
resolution daylight vision and color discrimination. Their progres-
sive loss occurs in a variety of blinding conditions. Even though
only about 5% of the photoreceptors in humans are cones (calcu-
lated from Osterberg, 1935), practically all photoreceptors in the
foveal region are cones, where highest acuity (cone-based) is
mediated. Ideally, studies related to cone functional deterioration
and preservation would be undertaken in animal species with
cone-based diurnal vision, such as guinea pigs (8–17% cones in
the retina; Peichl & Gonzalez-Soriano, 1994), ground squirrels
(70–90% cones; Kryger, Galli-Resta, Jacobs, & Reese, 1998) or tree
shrews (86–99% cones; Müller & Peichl, 1989). However, for multi-
ple reasons (essentially routine maintenance, fully known genomic
sequences and extent of commercially available antibodies),
current studies of retinal degeneration rely mostly on rats (Rattus)
and mice (Mus musculus). Unfortunately, these rodents are noctur-
nal, and their retinas have primarily rod photoreceptors with fewll rights reserved.
f Physiology, 7-55 Medical
Alta., Canada T6G 2H7. Fax:cones (respectively 99–97% and 1–3% of the total photoreceptor
population; Carter-Dawson & LaVail, 1979; Jeon, Strettoi, &
Masland, 1998; Szél & Röhlich, 1992). While mice with retinas
consisting of 100% cones can be generated using genetic engineer-
ing, the rodless retinas of such mice undergo a progressive loss of
cones with age (Lyubarsky et al., 2002).
The African Nile (non-striped) grass rat might be a potentially
useful alternative for future investigations. Despite its common
name, this member of the muridae family does not belong to the
Rattus genus, but to a related one, Arvicanthis, that is thought to
contain at least seven different species (A. abyssinus, A. ansorgei,
A. blicki, A. nairobae, A. neumanni, A. niloticus and A. ruﬁnus) accord-
ing to the genetic analysis (Ducroz, Volobouev, & Granjon, 1998;
Volobouev et al., 2002). Since the late nineties, two of the above
species (A. niloticus and A. ansorgei) have been introduced into
research laboratories (McElhinny, Smale, & Holekamp, 1997; Chal-
let, Pitrosky, Sicard, Malan, & Pévet, 2002), with similar ease of
establishing colonies as rats and mice. These primarily herbivorous
rodents are similar in adult weight and size to young rats
(100–120 g), they reach sexual maturity at 3–4 months of age
having on average 5–9 pups every 23–25 days and they live up
to two years of age in captivity. Neither wild nor captive specimens
hibernate, as squirrels do, and they exhibit predominantly diurnal
activity with mild crepuscular tendencies (Katona & Smale, 1997).
The ﬁrst anatomical study of A. niloticus retina has been recently
published (Gaillard et al., 2008) and shows that cones comprise
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inal circuitry is typical of that found in diurnal species such as in
humans. To the best of our knowledge, detailed retina function of
Arvicanthis has yet to be documented.
With the premise that Arvicanthis might represent an ideal can-
didate for studying retinal degenerations and therapies (Khani
et al., 2007), this investigation aims to characterize the functional
features of the Nile grass rat (A. niloticus) retina using full ﬁeld
ERG recordings. Results from this study demonstrate that the Nile
grass rat retina has several cone-driven ERG features that are anal-
ogous to those found in the human retina.
2. Material and methods
2.1. Animals
This studywas performed on 10 young adult (2–6months of age:
ﬁvemales and ﬁve females) Nile grass rats raised in the animal facil-
ityof theUniversityofAlberta frombreedersgenerouslyprovidedby
Dr. L. Smale (Michigan State University). The animals were main-
tained on a 12:12 light–dark cycle (lights on at 5 AM; ambient tem-
perature 21 ± 1 C; relative humidity = 50%) and supplied ad libitum
withwater and standard rodent diet (LabDiet, Nutrition Intl., Rich-
mond, IN). Adequate measures were taken to minimize pain or dis-
comfort. Experiments were carried out in accordance with the
guidelines laid down by the NIH in the USA regarding the care and
use of animals for experimental procedures. In addition, animal
treatment and experimentationwere conducted in accordancewith
theARVOStatement for theUse of Animals inOphthalmic andVisual
Research. The University of Alberta ‘‘Animal Care and Use Commit-
tee” approved the work reported here.
2.2. Anatomical characterization of photoreceptor diversity
Retinal cryosections were collected from 4% paraformaldehyde-
ﬁxed, adult eyes cut serially at 20 lm parallel to the naso-temporal
axis andmounted on Superfrost/PlusTM glass slides (Fisher Scientiﬁc,
USA).After extensivewashing inTBS (0.1 M;pH7.5; 3  10 min), the
sections were blocked for 2 h in a medium containing PBS
0.1 M + 0.3% Triton X–100 + 10% goat serum, and reacted overnight
with anti-rhodopsin (1:50), anti-S-opsin (1:250) and anti-M-opsin
(1:250) antibodies diluted in a 1:10 solutionof thepreviousblocking
medium. The monoclonal anti-rhodopsin rho4D2 (a gift from Dr. R.
Molday, Univ. British Columbia, Vancouver, BC) was prepared using
freshbovine rodouter segmentsas the immunogen (Hicks&Molday,
1986). It binds speciﬁcally toN-terminal amino acids 2–39 of bovine
rhodopsin. This antibody has been shown previously to stain reac-
tive bands of similar molecular weight in Western blots of rat and
A. ansorgei retinas (Bobu, Craft, Masson-Pévet, & Hicks, 2006; Bobu,
Lahmam, Vuillez, Ouarour, & Hicks, 2008). In both species, it specif-
ically labels rod outer segments (OS) and outlines rod cell bodies in
the outer nuclear layer (ONL). The anti-S-opsin and anti-M-opsin
polyclonal antibodies (AB5407 and AB5405; both from Chemicon,
Temecula, CA)were raised in rabbit against the last 42 and 38 amino
acids respectively, at the C-terminus of recombinant human blue
and red/green opsins (Wang et al., 1992). These antibodies were
found to label the OS and cell membrane of speciﬁc types of cones
in human, mouse and ground squirrel retina (Li & DeVries, 2004;
Roberts, Hendrickson, McGuire, & Reh, 2005). On the following
day, the sections were washed with TBS, blocked again for 1 h,
exposed for 2 h to a goat anti-mouse-Alexa594 or a goat anti-
rabbit-Alexa488 secondaryantibody (MolecularProbes Inc., Eugene,
OR) diluted to 1:500 in a 1:10 solution of the blocking medium.
Sections were washed extensively in TBS, covered with an antifade
solution, and coverslipped. Control labeling without primary
antibody remainednegative. All reactionswere run at room temper-ature. Finally, two retinaswere ﬂat-mounted andprocessed for anti-
S- and M-opsin immunoreactivity, respectively, as described above
with the exception that incubationwith the primary antibody lasted
up to 3 days. Representative samples were imaged with a Zeiss LSM
510 Axiovert 100M laser confocal microscope and processed with
Photoshop 6.0 software (Adobe, San Jose, CA) to adjust contrast
levels.
2.3. ERG recordings
Following overnight dark adaptation, animals were prepared for
bilateral ERG recording under dim red light (performed between 9
and 11 h AM). While under anesthesia with a mixture of ketamine
(150 mg/kg i.p.) and xylazine (10 mg/kg i.p.), the animals had their
body temperature maintained at 38 C, using a homeothermic
blanket, and pupils were dilated using a drop of 1% Tropicamide
applied on the corneal surface. A drop of 0.9% saline was applied
on each cornea to prevent dehydration and to allow electrical con-
tact with the recording electrode (gold wire loop). A pair of 25-
gauge platinum needles, inserted subdermally behind each eye,
served as reference electrodes. Ampliﬁcation (at 0.1–1000 Hz
bandpass, without 60 Hz notch ﬁltering), stimulus presentation,
and data acquisition were provided by the Espion E2 system from
Diagnosys LLC (Lowell, MA). Diagnosys LLC provided all light mea-
surements described below.
2.3.1. Dark-adapted ERG
The ﬁrst protocols were done under dark-adapted conditions.
Stimuli consisted of single white (6500 K, xenon bulb) ﬂashes
(10 lsec duration), repeated 3–5 times to verify the responsiveness
reliability. For intensity responses, stimuli were presented at 19
increasing intensities varying from 5.7 to 2.9 log sc cd s/m2 (log-
arithm of scotopic candela seconds/meter square) in luminance.
Intensity levels were measured by placing a photometer at the le-
vel of the cornea and therefore represent cornea illumination
rather than retina illumination; light levels were measured with
an IL1700 photometer made by International Light calibrated with
a scotopic ﬁlter. Ideally, the stimuli should have been expressed as
scotopic rod photoisomerization per seconds, but this was not pos-
sible since the optical, physical, physiological, and biochemical
parameters of the Nile grass rat eyes are not fully determined
yet. To allow for maximal rod recovery between consecutive
ﬂashes, inter-stimuli-intervals were increased from 10 s at the
lowest stimulus intensity up to 2 min at the highest stimulus
intensity. Amplitude of the b-wave was measured from the a-wave
negative peak up to the b-wave positive apex, and not up to the
peak of oscillations, which can exceed the b-wave apex. All of
the recorded data points starting after the a-wave and up to
200 ms after the a-wave were fed into Matlab’s POLYFIT function
to produce a polynomial (ax^3 + bx^2 + cx + d) that approximates
the b-wave section of the trace. The b-wave apex was established
as the maximal value on that curve. Criterion amplitudes were set
at 20 lV for both a- and b-waves.
A double ﬂash protocol (adapted from Pinilla, Lund, & Sauvé,
2004) was used to isolate cone-driven ERG responses under fully
dark-adapted conditions. A probe ﬂash was presented at a ﬁxed
time after a conditioning ﬂash. The conditioning ﬂash transiently
saturates rods so that they are rendered unresponsive to the probe
ﬂash. Response to the probe ﬂash is taken as reﬂecting cone-driven
activity. In preliminary experiments, we manipulated the intensity
of the conditioning ﬂash as well as the interstimulus interval and
found that the optimal recording conditions were achieved with
a conditioning ﬂash of 1.36 log sc cd s/m2 intensity given 800 ms
prior to the probe ﬂash. The probe ﬂash was presented at increas-
ing intensities along 11 stepwise increments: 1.63, 1.22, 0.81,
0.42, 0.02, 0.38, 0.88, 1.37, 1.89, 2.39 and 2.86 log sc cd s/m2.
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tude decrements at higher intensities provides evidence that there
is no rod-driven contribution to the response elicited by the second
ﬂash: rod-driven contribution would be expected to increase the
amplitude of both the a- and b-waves as the intensity of the second
ﬂash increases; however, the opposite is seen for the b-wave, while
only the a-wave amplitude increases. These observations are rem-
iniscent of photopic intensity cone responses (see Section 3). Crite-
rion amplitudes for the pure cone responses were set at 20 lV for
a- and b-waves.
2.3.2. Photopic ERG
Following 10 min photopic adaptation (30 cd/m2 background,
measured at the corneal surface), cone-driven intensity responses
were studied, using single ﬂashes (6500 K, 10 ls duration) with
the following increasing intensities along 11 stepwise increments:
1.63, 1.22, 0.81, 0.42, 0.02, 0.38, 0.88, 1.37, 1.89, 2.39 and
2.86 log cd s/m2. Calibration of light levels was achieved as de-
scribed above using an IL1700 photometer calibrated with a phot-
opic ﬁlter. Time interval between each step was 10 s and each
stimulus was presented six times at 5 s intervals between them.
Responses were averaged at each step. The amplitude of the b-
wave was measured as described above. Criterion amplitudes were
set at 20 lV for both photopic a- and b-waves. The amplitude of
the photopic negative response (PhNR) was measured from the
baseline (20 ms pre-stimulus acquisition) to the apex of the nega-
tive wave following the b-wave; the criterion amplitude was set at
10 lV for this component. Flicker ERGs were then recorded, start-
ing at 3 Hz, then 5 Hz and up to 60 Hz (along steps of 5 Hz) to
establish the critical ﬂicker fusion frequency, according to 10 lV
criterion peak-to-trough amplitude; averages of 30 presentations
were used. Four types of ﬂicker stimuli were employed: white,
blue, green and red; background consisted of 30 cd/m2 white light
as measured on the corneal surface. The white stimuli were deliv-
ered by a xenon bulb (6500 K) at 10 ls duration, as described
above, and their luminances were 10 cd s/m2 at the corneal sur-
face. The blue, green and red stimuli consisted of 10 ls square
wave stimuli provided by three respective LEDs; their luminances
were 2 cd s/m2 at the corneal surface, as determined using a spec-
trophotometer (Oceans Optics, Dunedin, FA, USA). The maximal
emission wavelength (Lambda max) ± half bandwidth for the
respective LEDs was: 628 ± 23 nm for the red LED, 530 ± 35 nm
for the green LED and 470 ± 35 nm for the blue LED. Using a pho-
todiode coupled to an oscilloscope, it was veriﬁed that luminance
levels remained constant up to frequencies of 60 Hz for all stimuli.
Peak-to-trough amplitudes were plotted as a function of the ﬂicker
frequency. Finally, OFF responses (d-waves) were recorded using a
square wave stimulus of 562.5 cd/m2, lasting 800 ms, on a 30 cd/
m2 white light background.
2.4. Human subjects
ERG data from human subjects were collected for the sole pur-
pose of providing a comparison with the results obtained in Nile
grass rats; for this reason, data from human subjects are presented
in the discussion section only. It should be noted that all the hu-
man ERG data presented in the discussion of this paper has not
been published elsewhere. Subjects were included in the study
only if they had no ocular pathology (current or previous) and if
their corrected acuity was 20/20 or better. A total of 16 human
subjects aged 20–60 years [average ± standard deviation
(SD) = 36 ± 14 years of age] received bilateral ERG recordings using
the same setup (Espion E2 system from Diagnosys LLC) and ERG
protocols as described above (Section 2.3), with the exception of
the double ﬂash and ﬂicker with color LEDs (ﬂicker in humans
was only recorded with xenon pulses). The rationale was to usethe same stimulus conditions (intensity, intervals and adaptation
levels) between Nile rat and humans in order to make quantitative
comparisons across both species. Criterion amplitudes remained
the same for all components as established for the Nile grass rats.
Pupils were dilated using a drop of 1% Tropicamide applied on the
corneal surface. Recording electrodes consisted of DTL type elec-
trodes. The procedures received ethics approval from the ‘‘Health
Research Ethics Board (Biomedical Panel)” of the University of Al-
berta (license #6194). These procedures conformed to the Code
of Ethics of the World Medical Association (Declaration of Hel-
sinki). All the ERG recordings were done with the understanding
and written consent of each of the 16 human subjects.
2.5. Data analysis
For ERG data analysis, responses from a single eye per animal
were considered. The eye side was selected on the basis of the larg-
est maximal a-wave amplitude recorded in the intensity response
series; all eyes with largest maximal a-wave amplitudes also had
the largest maximal b-wave amplitudes. For all data presented,
the values on graphs represent the mean ± SD. Nonparametric sta-
tistics were performed to compare single points (U-test) or curves
(Kruskall–Wallis), respectively. Signiﬁcance was set at p < 0.05
(95% conﬁdence limit).3. Results
3.1. Anatomical characterization of photoreceptor diversity
Relevance for applying monochromatic ﬂashes derives from
previous immunohistological investigations indicating (1) that ret-
inal cones in both A. ansorgei (Bobu et al., 2006, 2008) and A. niloti-
cus (Gaillard et al., 2008) represent  30–35% of the photoreceptor
population; and (2) that cones in A. ansorgei (Bobu et al., 2006,
2008) distribute in two functional categories, a major one express-
ing the green (M) opsin and a minor one (likely <5%) expressing the
blue (S) opsin (Bobu et al., 2006, 2008). Fig. 1 shows, using retina
ﬂatmounts, that these two spectral varieties of cones are present
in the retina of A. niloticus, the short-wavelength type (S cone;
Fig. 1 panel B) being rare compared with the mid-wavelength type
(M cone; Fig. 1 panel D).
3.2. Dark-adapted responses
3.2.1. Mixed responses
Fig. 2 shows the results from ERG recordings done under dark-
adapted conditions. Responses to single ﬂashes (panels A and B) of
various intensities (intensity response series) represent mixed rod-
and cone-driven activity for ﬂash intensities beyond cone thresh-
old (based on cone isolation, as described in the section below, this
threshold was 0.48 ± 0.29 log sc cd s/m2). These mixed responses
appear around the a-wave threshold. A rod-cone break for the b-
wave amplitude occurs at this intensity: note the switch in slope
(from lower to higher values) for the b-wave intensity response
curve (panel A). Maximal a- and b-wave amplitudes are 129 ± 13
and 282 ± 23 lV, respectively. A representative example of the
ERG traces, elicited during the single ﬂash dark-adapted intensity
response series, is presented in Fig. 2 panel B. Stimulus luminance
thresholds for eliciting a- and b-waves are 0.36 ± 0.16 and
4.08 ± 0.18 log sc cd s/m2, respectively. A-wave amplitudes satu-
rate at higher stimulus intensities (2.39 log sc cd s/m2) than those
at which b-wave amplitudes saturate (1.36 log sc cd s/m2). The b/
a amplitude ratio reaches a minimum value of 2.0 ± 0.3 at the last
step of the intensity response when both a- and b-wave ampli-
tudes have reached saturation.
Fig. 1. Cone distribution in the Nile grass rat retina (nasal quadrant) shown in cross sections (A and C) and wholemounts (B and D). Cross sections were photographed close to
the optic disc and wholemounts were photographed in the mid-periphery. Two antibodies were used: anti-S-opsin (A and B) and anti-M-opsin (C and D). Counts in the
wholemount areas presented on the ﬁgure (330  330 lm2) returned 315 S-cones and 3450 M-cones, yielding density estimates of 2890 S-cones per mm2 and 31650 M-
cones per mm2. According to these observations, S-cones represent 8.4% of the total cone population at this retinal location. Abbreviations: OS, outer segments; IS, inner
segments; and ONL, outer nuclear layer.
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Under dark-adapted conditions, cone responses are isolated
using a double ﬂash protocol. Fig. 2 panels C and D show the inten-
sity response graphs and representative traces, respectively. Crite-
rion responses for a- and b-waves are exceeded at 0.77 ± 0.19 and
0.48 ± 0.29 log sc cd s/m2, respectively. While a-wave amplitudes
reach a maximum of 98 ± 19 lV at 2.86 log sc cd s/m2, maximal b-
wave amplitudes of 216 ± 21 lV are reached at a lower ﬂash inten-
sity (1.78 ± 0.19 log sc cd s/m2) and then decline at higher intensi-
ties, which indicates a hill effect. Amplitudes of the cone a-waves
recorded to the highest intensity stimulus tested (2.86 log sc cd s/
m2) are 76 ± 11% of maximal mixed a-wave amplitude values; this
difference is statistically signiﬁcant. Amplitudes of the cone-driven
b-waves recorded to the highest intensity stimulus tested
(2.86 log sc cd s/m2) are 79 ± 8% of maximal mixed b-wave ampli-
tude values; this difference is also statistically signiﬁcant. At this
highest a-wave intensity, the b/a ratio reaches a minimum of
1.75 ± 0.28, while at the peak of the b-wave amplitude this ratio
is signiﬁcantly higher (3.63 ± 0.61).
3.3. Photopic responses
3.3.1. ON responses
Results for photopic intensity responses are shown on Fig. 3,
panels A, B. Criterion responses for a- and b-waves were exceeded
at 0.98 ± 0.32 and 0.12 ± 0.21 log cd s/m2, respectively. While
maximal a-wave amplitudes (average of 80 ± 5 lV) are reached
at the highest intensity tested (2.86 log cd s/m2), maximal b-wave
amplitudes (186 ± 20 lV) are reached at a lower ﬂash intensity
(1.77 ± 0.20 log cd s/m2) and then decline at higher intensities,
which is characteristic of a photopic hill effect. Amplitudes of the
responses recorded to the highest intensity stimulus
(2.86 log cd s/m2) are 75 ± 6% of maximal amplitude values; this
difference is statistically signiﬁcant. At this highest intensity, theb/a ratio reaches a minimum of 1.8 ± 0.2, while at the peak of the
b-wave amplitude this ratio is signiﬁcantly higher (2.6 ± 0.3).
3.3.2. Flicker responses
Amplitude versus frequency results are shown in Fig. 3, panel
C. For all stimuli, with the exception of the red ﬂicker, a plateau
in response amplitude is observed from 5 to 35 Hz frequencies.
Flicker amplitudes are not statistically different from each other
at any of these frequencies, and these amplitudes remain above
120 lV. Critical ﬂicker fusion frequencies are not reached by
60 Hz. Because of technical limitations (lack of constant lumi-
nance), higher frequencies could not be tested. At frequencies
ranging from 3 to 35 Hz, red ﬂicker stimuli elicit minimal re-
sponses (not exceeding 20 lV), while the critical ﬂicker fusion
is reached at 40 Hz.
3.3.3. OFF responses
These responses (Fig. 3, panel E) are observed at the offset of an
800 ms duration square wave light stimulus (562.5 cd/m2 lumi-
nance presented at the beginning of the trace) on a 30 cd/m2 white
light background. ON type a- and b-waves are elicited after the on-
set of the square wave stimulus; implicit times were 24 ± 3 ms and
65 ± 7 ms, respectively. Following the offset of the square wave
light stimulus, a d-wave is recorded (implicit time of 32 ± 4 ms),
consisting of a positive deﬂection of smaller amplitude
(61 ± 11 lV) than that of the b-wave (139 ± 17 lV). Oscillatory
potentials superimposed on the d-wave are larger in amplitude
than for those superimposed on the b-wave.
3.3.4. Photopic negative responses (PhNR)
These responses (Fig. 4) correspond to the negative component
immediately subsequent to the b-wave. Criterion amplitudes are
reached at 0.09 ± 0.16 log cd s/m2. Maximal amplitudes occur at
1.36 log cd s/m2, reaching values of 72 ± 8 lV. At higher stimulus
Fig. 2. Dark-adapted ERG responses in the Nile grass rat. (A) Mixed (rod- and cone-driven) dark-adapted intensity responses (ERG wave amplitude versus stimulus intensity)
for a- (diamonds) and b- (squares) waves in N = 6 eyes. (B) Representative ERG traces obtained during intensity response series from a 2-month-old animal; numbers on the
left side of each trace represent the intensity, in log sc cd s/m2, of the stimulus presented at the beginning of that trace (at time 20 ms). (C) Intensity responses of double ﬂash
isolated dark-adapted cone-driven responses; amplitudes are respectively given for dark-adapted cone a- (diamonds) and b- (squares) waves. (D) Representative traces of
double ﬂash isolated dark-adapted cone responses. Note the response to the rod-saturating ﬂash (1st ﬂash; 1.36 log sc cd s/m2) on the left of each traces (at time 20 ms)
followed by the pure cone-driven response elicited by the second ﬂash (800 ms after the 1st ﬂash); numbers on the right side of each trace represent the intensity,
in log sc cd s/m2, of the 2nd ﬂash for that trace. For panels A and C, results depict the mean ± SD.
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series), PhNR amplitudes become signiﬁcantly lower with values
of 50 ± 6, 48 ± 5 and 36 ± 4 lV, respectively.
3.4. Comparison of photopic and dark-adapted cone responses
Fig. 5 shows the implicit time as a function of stimulus intensity
(expressed as log units) for cone a-waves recorded under photopic
and dark-adapted adaptations. A linear relationship is observed
under both conditions. Both linear regressions give coefﬁcients of
correlation of 0.96, which conﬁrms the strong linearity of the rela-
tionship between a-wave implicit times and luminance under both
adaptation conditions. Moreover, linear regressions give similar
values of slopes for both adaptation conditions (m = 1.86 and
1.92, respectively); statistical comparisons of values from bothcurves conﬁrm that they are not different from each other. Another
similarity between cone-driven b-waves recorded under both
dark-adapted (Fig. 2 panel C) and photopic (Fig. 3 panel A) adapta-
tion is a plateau of amplitudes reached at intermediate stimulus
intensities. Amplitudes elicited at maximal stimulus intensity are
signiﬁcantly lower than plateau values recorded under dark-
adapted and photopic conditions (21 ± 8% and 25 ± 6% lower,
respectively). Finally, under both of these adaptation conditions,
the a-wave amplitude never decreased as the stimulus strength
was increased.
4. Discussion
Our results support that the Nile grass rat has many of the ERG
features that characterize diurnal mammals, including humans.
Fig. 3. Photopic ERG responses in the Nile grass rat. (A) Photopic intensity responses for a- (diamonds) and b- (squares) waves in N = 6 eyes. (B) Representative ERG traces
obtained during intensity response series from a 2-month-old animal; numbers on the left side of each trace represent the intensity, in log cd s/m2, of the stimulus presented
at the beginning of that trace (at time 20 ms). (C) Amplitude of ﬂicker response in function of stimulus frequency under photopic adaptation. (D) Representative traces of a
frequency response series from a 2-month-old animal; numbers on the right side of each trace represent the frequency of ﬂash presentation. (E) Representative trace of an
OFF response from a 2-month-old animal. For panels A and C, results depict the mean ± SD.
Fig. 4. Intensity response of the photopic negative response (PhNR). The graph
represents the PhNR amplitude (y axis) values in function of the stimulus intensity
(x axis). Each point corresponds to the mean ± SD for N = 6 eyes.
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Previous analysis of the retina anatomy of the Nile grass rat
(Gaillard et al., 2008) showed that the overall proportion of conesversus total photoreceptors corresponds to 30–35%, which is over
tenfold higher than in rats and mice (1–3%; Carter-Dawson & La-
Vail, 1979; Jeon et al., 1998; Szél & Röhlich, 1992). This study adds
further information, revealing that this cone population contains
(as in most mammals) M- and S-cone subtypes. The dominant sub-
type is M-type cones, while S-type cones represent 8.4% of the total
cone population.
4.2. Full ﬁeld dark-adapted ERG
Values for comparisons between Nile grass rats, humans, rats
and mice are given in Table 1; all the values presented were ob-
tained using the same protocols, respecting stimulus intensities,
stimulus intervals, adaptation times and levels and sequence of
tests. This applies for Sections 4.2 and 4.3 of this discussion. Mixed
dark-adapted intensity responses recorded in Nile grass rats are
comparable, in many respects, to those recorded in humans, rats
and mice. The mixed dark-adapted b-/a-wave ratio at saturation
Fig. 5. Implicit time of the cone-driven a-wave in function of the ﬂash stimulus
intensity. Squares correspond to photopic responses and triangles correspond to
double ﬂash isolated dark-adapted cone responses. Each line represents the
respective linear regression; slope (m) and coefﬁcient of correlation (R2) values
are given in brackets for each condition. There were no statistically signiﬁcant
differences between the slope values of each condition. Note that the luminance
values are in photopic units for the photopic responses (‘‘photopic”) and in scotopic
units for the double ﬂash isolated cone responses under dark adaptation (‘‘DF cone
dark adapted”).
G.S. Gilmour et al. / Vision Research 48 (2008) 2723–2731 2729level is not statistically signiﬁcantly different than the ratios ob-
tained in humans, rats and mice. Saturation levels for the a-wave
are reached at the highest stimulus luminance intensity tested in
Nile grass rats and humans; while in rats and mice, saturation is
reached at lower levels. For all of these species, saturation levels
for the b-wave are lower than for the a-wave. Finally, thresholds
to elicit dark-adapted a-waves and b-waves are higher in Nile grass
rats and humans compared with rats and mice. While most dark-
adapted ERG parameters tend to be similar between all species de-
scribed above, differences such as the threshold levels, make the
Nile grass rat retina more comparable to the human retina.
A major difference between ERG parameters in Nile grass rats
compared with rats and mice is unveiled using the double ﬂash
protocol to isolate cone-driven responses under dark- adaptation.
The percentages of cone contribution to the mixed dark-adapted
a-wave and to the mixed b-wave are over tenfold higher in Nile
grass rats than in rats and mice. These observations correlate well
with the tenfold higher proportion of cones in Nile grass rats com-
pared with rats and mice (see Section 4.1).
4.3. Full ﬁeld photopic ERG
Maximal photopic a-wave amplitudes are ﬁvefold higher than
those in rats and mice and eightfold higher than those in pure cone
transgenic mice (Lyubarsky et al., 2002). There is no statistical dif-
ference between the maximal photopic a-wave amplitudes re-
corded in Nile grass rats and in humans. These ﬁndings of higher
a-wave maximal amplitudes in Nile grass rats than in rats and mice
suggests that the stoppage of the ‘‘dark-current” from the coneouter segments (as a result of the light-induced closure of cGMP-
dependent Na+ channels) might lead to larger changes in corneal
potential in Nile grass rats than in rats and mice. Examples of fac-
tors likely to contribute to larger light-driven changes in corneal
potential include a higher absolute number of cone outer segments
and an elevated total surface area of cone outer segments. Esti-
mates based on investigations of retina wholemounts point to con-
siderably higher absolute numbers of cones in the retina of Nile
grass rats compared with rats and mice (Gaillard et al., 2008). Elec-
tron microscopy studies will be required to assess the surface area
of cone outer segments. Another discrepancy from nocturnal ro-
dents is the lower ratio of photopic b-/a-wave amplitude in Nile
grass rats compared with rats and mice; this lower ratio (obtained
at ﬂash intensities yielding maximal b-wave amplitude values) is
closer to the values recorded in humans. Lower b/a values (both
for cone-driven responses recorded under photopic and dark-
adapted conditions) reﬂect a higher proportion of a-wave contribu-
tion to the ERG response when compared to the corresponding b-
wave amplitude values of the same response.
In addition, the observation that, at higher stimulus intensities,
the a-wave does not decrease in amplitude when the b-wave does,
suggests that the b-wave amplitude diminution is not due to
bleaching or saturation of photopigments, but possibly to a hill ef-
fect as reported in humans but not in nocturnal animals (Nixon,
Bui, Armitage, & Vingrys, 2001; Ruﬁange, Rousseau, Dembinska,
& Lachapelle, 2002).
Under dark-adapted conditions, the intensity responses that are
purely cone-driven (isolated using a double ﬂash procedure) show
a similar hill effect as seen under photopic adaptation. Therefore,
our ﬁndings indicate that the hill effect might be characteristic of
the cone system, independently of its adaptation state, i.e. this ef-
fect could be referred to as the ‘‘cone hill effect” rather than the
‘‘photopic hill effect”. Unfortunately, in human subjects, isolation
of both pure cone-driven a- and b-waves from mixed responses
under dark-adapted conditions cannot be achieved using a double
ﬂash protocol (Pepperberg, Birch, & Hood, 1997; and data obtained
from the human subjects as part of this study) or using any other
approaches. Therefore, the Nile grass rat could represent a useful
complement to the macaque (in which dark-adapted cone re-
sponses can also be isolated) for dissecting the mechanisms
responsible for the manifestation of the hill effect, using for in-
stance intravitreal injections of pharmacological agents to interfere
with speciﬁc retina circuits.
The results from white ﬂicker stimuli indicate that Nile grass
rats have a signiﬁcantly higher ﬂicker fusion than in rats and mice.
Furthermore, in contrast to rats and mice, in which ﬂicker response
amplitudes decrease as the stimulus frequency increases, a plateau
of ﬂicker response amplitudes is maintained from 5 to 35 Hz in
Nile grass rats, as occurs in humans (Fig. 6) when using the same
stimulation parameters for all four species. It should be noted that
the response-frequency relationship is dependent on the stimulus
conditions. Strict comparisons between species are possible here
because we relied on exactly the same stimulus conditions for tests
done in rats, mice, Nile grass rats and humans: square wave white
ﬂash stimuli delivered by a 6500 K xenon bulb at 10 ls duration
(10 cd s/m2 intensity for each ﬂash) on a 30 cd/m2 luminosity
background. Since experimental evidence suggests that the ﬂicker
ERG represents inner retina processing (Bush & Sieving, 1996), our
ﬁndings imply that cone-driven processing in the inner retina in
Nile grass rats is physiologically closer to humans than rats or
mice. In this comparative study, we have only relied on peak-to-
trough amplitude measures; analysis of the fundamental and har-
monics of the ﬂicker responses (Kondo & Sieving, 2002; Viswana-
than, Frishman, & Robson, 2002) will be needed to make further
comparisons of ﬂicker responsiveness between humans and Nile
grass rats.
Table 1
Comparison of ERG values between the Nile grass rat and other species
Nile grass rat Human Rat Mouse
Dark-adapted ERG
Minimum mixed b/a ratio 2.0 ± 0.3 1.6 ± 0.4 2.1 ± 0.3 1.7 ± 0.4
Saturation level for mixed a-wave (log cd s/m2) 2.86 2.86 2.21 ± 0.3 2.32 ± 0.4
Saturation level for mixed b-wave (log cd s/m2) 1.33 ± 0.2 0.36 ± 0.2 1.55 ± 0.5 0.11 ± 0.4
Threshold to elicit a mixed a-wave (log cd s/m2) 0.36 ± 0.2 0.79 ± 0.1 2.1 ± 0.3 0.6 ± 0.4
Threshold to elicit a mixed b-wave (log cd s/m2) 4.08 ± 0.2 3.41 ± 0.2 5.2 ± 0.5 4.9 ± 0.6
Maximal mixed a-wave amplitude (lV) 129 ± 13 214 ± 6 574 ± 66 359 ± 48
Maximal mixed b-wave amplitude (lV) 282 ± 23 254 ± 39 894 ± 130 558 ± 71
Minimum cone b/a ratio 1.75 ± 0.3 N/A 13.2 ± 2 9.1 ± 1
Saturation level for cone a-wave (log cd s/m2) 2.86 N/A 2.86 2.86
Saturation level for cone b-wave (log cd s/m2) 1.78 ± 0.2 N/A 0.44 ± 0.5 2.1 ± 0.3
Threshold to elicit a cone a-wave (log cd s/m2) 0.77 ± 0.2 N/A 1.22 ± 0.2 1.16 ± 0.4
Threshold to elicit a cone b-wave (log cd s/m2) 0.48 ± 0.3 N/A 1.72 ± 0.3 1.51 ± 0.1
Maximal cone a-wave amplitude (lV) 98 ± 19 N/A 24 ± 4 20 ± 6
Maximal cone b-wave amplitude (lV) 216 ± 21 N/A 354 ± 49 162 ± 21
Contribution of cones to the mixed a-wave (%) 76 ± 11 N/A 6.1 ± 2 5.5 ± 1
Contribution of cones to the mixed b-wave (%) 77 ± 8 N/A 40 ± 4 29 ± 6
Photopic ERG
Minimum photopic b/a ratio 2.6 ± 0.3 1.7 ± 0.4 12.5 ± 2 11.1 ± 2
Saturation level for photopic a-wave (log cd s/m2) 2.86 2.86 1.86 ± 0.7 1.98 ± 0.4
Saturation level for photopic b-wave (log cd s/m2) 1.77 ± 0.2 0.43 ± 0.2 0.39 ± 0.3 2.22 ± 0.4
Threshold to elicit a photopic a-wave (log cd s/m2) 0.98 ± 0.3 0.40 ± 0.2 0.89 ± 0.4 0.77 ± 0.5
Threshold to elicit a photopic b-wave (log cd s/m2) 0.12 ± 0.2 0.39 ± 0.1 0.79 ± 0.4 0.36 ± 0.3
Maximal photopic a-wave amplitude (lV) 80 ± 5 81 ± 5 22 ± 6 17 ± 5
Maximal photopic b-wave amplitude (lV) 186 ± 20 92 ± 4 202 ± 28 228 ± 12
Maximal PhNR amplitude (lV) 72 ± 8 79 ± 13 50 ± 6 41 ± 6
White ﬂicker fusion (Hz) >60 >60 45 ± 4 41 ± 5
Blue ﬂicker fusion (Hz) >60 N/A 42 ± 3 39 ± 5
Green ﬂicker fusion (Hz) >60 N/A 38 ± 4 32 ± 6
Red ﬂicker fusion (Hz) 40 ± 3 N/A 12 ± 4 9 ± 4
Data for Nile grass rat and human were generated in this study. Data for rat and mouse were generated in our lab for the following previously published studies: Pinilla et al.
(2004), Li et al. (2005b), Sauvé, Pinilla and Lund (2006), Alvarez et al. (2007). The rationale was to use data generated with exactly the same ERG protocols in order to optimize
comparisons between species.
Fig. 6. Comparisons of response amplitude versus ﬂicker frequency, between
humans and Nile rats. The ﬂicker stimulus consisted of 10 ls ﬂashes emitted by a
6500 K xenon bulb under photopic adaptation (30 cd/m2) and the response
amplitude was the peak-to-trough. Both axes represent log scales. Results depict
the mean ± SD.
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(d-wave) are larger in Nile grass rats than in laboratory rats and
mice. Since the d-wave reﬂects activation of the OFF-cone
pathway (Naarendorp & Williams, 1999), these results indicatethat processing by OFF-cone bipolar cells and their downstream
circuitry in Nile grass rats is more analogous to humans than noc-
turnal rodents.
Finally, a PhNR is recorded in Nile grass rats and follows a sim-
ilar amplitude versus stimulus intensity relationship as for the
photopic b-wave. Maximal PhNR amplitudes are comparable to
the maximal PhNR amplitudes recorded in humans and higher
than the maximal PhNR amplitudes recorded in rats and mice. In
humans and primates, the PhNR has been postulated to represent
activity contributed in part by retinal ganglion cells (Viswanathan,
Frishman, Robson, Harwerth, & Smith, 1999; Viswanathan, Frish-
man, Robson, & Walters, 2001). However, its origins in rodents
are controversial (Li, Barnes, & Holt, 2005a; Mojumder, Sherry, &
Frishman, 2008). Therefore, the Nile grass rat might offer comple-
mentary information to further study the physiological basis of the
PhNR.
5. Conclusion
Despite an obvious exception (absence of fovea in Nile grass rats
as opposed to presence of a fovea in humans), the retina of the Nile
grass rat has most of the ERG features that characterize diurnal
mammals. Contrary to other diurnal rodents, the Nile grass rat
breeds well in the laboratory and therefore is ideal for establishing
a colony. In addition, Nile grass rats share many of the advantages
of ordinary rats and mice, including the conveniently short
gestation period and lifespan, with similar litter size and body
weight. Our results provide a baseline of retina function, as
assessed with the ERG, against which to compare the effects of
experimental manipulations that might help elucidate various
causes of blindness and test potential therapies. Finally, the Nile
grass rat also provides a novel and pertinent model to further
elucidate, using pharmacological approaches for instance, the
G.S. Gilmour et al. / Vision Research 48 (2008) 2723–2731 2731physiological substrates generating the ERG response features seen
in humans such as the photopic hill effect, the ﬂicker plateau, the
OFF responses, and the PhNR.
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